ABSTRACT
INTRODUCTION
Colorectal cancer staging is currently based solely on simple clinicopathologic features such as bowel wall penetration and lymph node metastasis. Unfortunately, clinical staging systems often fail to discriminate the biological behavior of a large number of tumors, resulting in the systematic over-treatment or under-treatment of patients with adjuvant therapies. Devised over 70 years ago 1 , the now modified Dukes' staging system provides adequate prognostic information for patients staged as A or D. However, the intermediate stages B and C are not very useful in discriminating good from poor prognosis cases. Additionally, application of this staging system results in the potential over-treatment or under-treatment of a significant number of patients and it can only be applied after complete surgical resection rather than after a presurgical biopsy. Recently developed microarray technology has permitted development of multiorgan cancer classifiers 2,3 , identification of tumor subclasses [4] [5] [6] , discovery of progression markers 7, 8 and prediction of disease outcome in many types of cancer [9] [10] [11] . Unlike clinicopathologic staging, molecular staging has promise in predicting the long-term outcome of any one individual based on the gene expression profile of the tumor at diagnosis. Inherent to this approach is the hypothesis that every tumor contains informative gene expression signatures that, at the time of diagnosis, can direct the biological behaviour of the tumor over time 12 .
METHODS

Tumor Samples (Moffitt Cancer Center)
We developed a colorectal cancer survival classifier using 78 tumor samples including 3 ESTs, 10 exogenous controls printed 36 times, and 4 negative controls printed 36-72 times.
SAM Survival Analysis
The first analysis of the colorectal cancer microarray data used the Significance Analysis of Microarrays (SAM) with censored survival data
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. SAM identifies genes most closely correlated with survival time and uses permutation analysis to estimate the false discovery rate (FDR). Mean-centered gene expression vectors were then clustered and visualized using Cluster 3.0 14 and Java TreeView 1.03 14 . We used the two clusters of SAM-selected genes as a survival grouping and constructed Kaplan-Meier curves for these two groups. The samples were also manually grouped by Dukes' stage for a comparison of survival times.
Classifier Construction and Evaluation
A leave-one-out cross-validation (LOOCV) technique was used for constructing and validating a neural network-based classifier. The samples were classified as having "good" or "poor" prognosis based on survival for more or less than 36 months, respectively. Using the leave-one-out cross-validation approach also provides the ability to rank the selected genes. The number of times a particular gene was chosen can be an indicator of the usefulness of that gene for general classification 15 and may imply biological significance. Therefore, we examined the genes that were consistently selected by the t-test. We focused on 43 core genes identified in 75% of the LOOCV iterations 15 .
The molecular classifier was composed of two distinct steps: gene selection using a t-test and classification using a neural network. Both steps were taken after the test sample was left out (from the leave-one-out cross-validation) to avoid bias from the gene selection step. We used the top 50 genes as ranked by absolute value of the t statistic using a t test, for each cross-validation step. A feed-forward back-propagation neural network 16 with a single hidden layer of 10 units, learning rate of 0.05, and momentum of 0.2 was constructed. Training occurred for a maximum of 500 epochs or until a zero misclassification error was achieved on the training set. Our experiences indicate neural networks are extremely robust to both the number of genes selected and the level of noise in these genes. We have successfully used this classifier in earlier multiplatform gene expression classification experiments 3 .
Statistical Significance
The log-rank test was used to measure the difference in Kaplan-Meier curves, both for the initial survival analysis and for the classifier results. The classifier splits the examples into two groups: those predicted as good or poor prognosis. Classifier accuracy was reported both as overall accuracy and as specificity/sensitivity. A McNemar's Chi-Square test was used to compare the molecular classifier with the use of a Dukes' staging classifier. Finally, 1,000
permutations of the dataset were used to measure the significance of the classifier results as compared to chance.
RESULTS
Identification of Prognosis-Related Genes
We used SAM survival analysis to identify a set of genes most correlated with censored survival time. A set of 53 genes was found, corresponding to a median expected false discovery rate (FDR) of 28%. These genes are listed in Supplemental Table 1 and include several we believe to be biologically significant, such as osteopontin and neuregulin (see Discussion). Figure 1C shows the Kaplan-Meier plot for the two dominant gene expression clusters of stage B and C samples. Clearly, these 53 genes separate the cases into two distinct clusters of patients with good prognosis (cluster 2) and poor prognosis (cluster 1) (P<0.001 using a log rank test) as expected since the genes were selected using SAM. Figure 1D presents staging.
Performance of a 43-gene cDNA-based Colorectal Cancer Survival Classifier
A leave-one cross-validation (LOOCV) was used to evaluate a 43-gene cDNA classifier in predicting prognosis for each patient at 36 months of follow-up. The classifier accuracy was 90%
(93% sensitivity/84% specificity). A log-rank test of the two predicted groups (good and poor prognosis) is significant (P<0.001), demonstrating the ability of the classifier to distinguish the two outcomes (see Fig 1E) . Good prognosis was defined by survival > 36 mo and poor prognosis was defined by survival < 36 mo. Permutation analysis demonstrates the result is better than possible by chance (P<0.001 -1000 permutations). This result is also significantly higher than that observed using Dukes' staging as a classifier for the same group of patients (P=0.03878). The results for molecular staging are summarized in Table 1 . Molecular staging identified the good prognosis cases (the "default" classification using Dukes' staging), but also identified poor prognosis cases with a high degree of accuracy. Table 1 also shows the detailed confusion matrix for all samples in the dataset, showing the equivalent misclassification rate of both good and poor prognosis groups by our classifier. Supplemental Table 2 lists all 43 genes selected by the LOOCV approach via t-test and used to construct the cDNA classifier.
Evaluation of an Independent Test Set from Denmark
In order to further validate our classifier, we identified an independent Danish colon cancer data set, comprised of Dukes Stage B and C patients, and produced on a U133A
Affymetrix GeneChip oligonucleotide-based platform. Because this data set was produced on an oligonucleotide platform instead of our cDNA platform, we first translated our gene signature into available Affymetrix probe sets using the Resourcerer program (WWW.TIGR.org). This translation reduced the gene signature from 43 genes to only 26 unique genes. Therefore, we limited the original cDNA classifier to only genes represented on the U133A platform. Using this restricted gene signature derived solely from the Moffitt data set, we found 60 corresponding probe sets on the Affymetrix U133A GeneChip and used these genes to evaluate the survivorship of 95 Danish patients. With this approach, hierarchical clustering was used to find the most significant groups in the data. The survival of these groups was then displayed using KaplanMeier survival analysis. Figure 2A shows that the 26 selected genes were able to discriminate good from poor prognosis patients, despite the restrictions imposed by cross-platform analyses.
Dukes' staging was incapable of discriminating survivorship in these same patients (see Fig 2B) .
When applied to the Dukes B and Dukes' C cases separately, the 26 gene signature was capable of discriminating good from poor prognosis subpopulations within each stage (see Fig 2C) .
DISCUSSION
The benefit of adjuvant chemotherapy for colorectal cancer appears limited to patients with Dukes stage C disease where the cancer has metastasized to lymph nodes at the time of diagnosis. For this reason, the clinicopathological Dukes' staging system is critical for determining how adjuvant therapy is administered. Unfortunately, it is not very accurate in predicting overall survival and thus its application likely results in the treatment of a large number of patients to benefit an unknown few. Alternatively, there are probably a number of patients who might benefit from therapy that do not receive it.
Molecular staging may provide more accurate predictions of patient outcome than is currently possible with clinical staging, which may, in fact, misclassify patients. Using a SAM selected set of genes derived from a genome wide analysis of gene expression, we were first able to cluster groups of patients with good and bad prognoses, suggesting that outcome-rich information was likely present in this gene expression dataset. Subsequently, a supervised learning analysis identified a core set of 43 informative genes that appeared in 75% of the cross validation iterations and accurately predicted colorectal cancer survival. This core set was derived from a 32,000-element cDNA microarray that included both named and unnamed genes.
This gene set was highly accurate in predicting survival when compared with Dukes' staging data from the same patients.
Although Dukes' staging works well for very good and very poor prognosis patients (Dukes' stage A and D) , currently it is not very informative when predicting long-term outcomes of intermediate prognosis patients (Dukes' B and C) , yet is the primary means for determining the administration of potentially toxic adjuvant chemotherapy. We hypothesized that molecular staging might be able to identify those Dukes' stage B and C cases for which chemotherapy may be beneficial. The production of a cDNA classifier for survival is a first step in the validation process for molecular staging.
With our approach, we were able to determine which genes appeared to be most useful in the classifier based on their frequency of appearance in the classification set. Of these, at least While cross-platform analysis is challenging due to the paucity of available human data sets, the discrepancies in probes used on competitive platforms and due to the differential performance characteristics of these probes, we demonstrated that the genes selected for our cDNA-based classifier were effective in discriminating good from poor prognosis patients using a completely independent data set produced on a Danish population using an oligonucleotide platform (Affymetrix, U133A). These data provide confirmation, under the most rigorous conditions, that there is prognostic value for the identified gene signature.
Of interest is a recent report of a gene expression profile, using the U133A Affymetrix platform, to predict recurrence for Dukes' B patients 20 . The reported 23-gene signature with a performance accuracy of 78% shares no genes in common with the cDNA classifier we have produced. The absence of concordant genes could be related to many different issues including differences in the microarray platform, the samples selected for analysis, and the analytic tools used to generate the gene signatures, suggesting the need for extensive validation of any promising signature prior to clinical implementation of any gene expression signature.
We have produced the first colorectal cancer molecular staging classifier, based on the analysis of all colon cancer stages, for which accuracy exceeds that of Dukes' staging when used to estimate prognosis on the same patients. These results suggest a molecular-based method for the discrimination of outcome for intermediate Dukes' stages B and C, where prognosis is currently problematic, may be effective. Our classifier is based on a core set of 43 genes that appear to have biological significance for human colorectal cancer progression. The data provided support more extensive validation of this prognostic gene signature. Figure 2 . Independent Test Set Evaluation (Denmark Test Set) using the U133A data set. A) Survival curves generated using probe sets corresponding to 26 of the Molecular Classifier genes. Using these translated probe sets, 95 tumors were clustered and censored survivorship was evaluated (P < 0.001). B) Survival curves using Dukes' staging criteria show no significant difference in outcome. C) Survival curves grouped by both Dukes' stage and molecular signature shows that both Dukes' B and C cases can be further subdivided into good and poor prognosis groups. 
